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Photocatalytic degradation of organic dyes under
visible light irradiation by floral-like LaFeO3
nanostructures comprised of nanosheet petals
Subramaniam Thirumalairajan,*ab Kesavan Girija,bc Valmor Roberto Mastelaroa and
Nagamony Ponpandianb
A facile and cost-eﬀective surfactant assisted hydrothermal technique was used to prepare functional
floral-like LaFeO3 nanostructures comprised of nanosheets via a self-assembly process. Scanning electron
microscopy images revealed the floral structure of LaFeO3 comprising of nanosheet petals. The petals of
B15 nm thickness and B70–80 nm length observed from transmission electron microscopy self-assembled
to form floral structures. X-ray powder diffraction, Fourier-transform infrared spectroscopy and thermal
analysis techniques were utilized to determine the structural information and thermal stability. The structural
characterization revealed the orthorhombic phase of the prepared LaFeO3 product with high purity even at
a high temperature of 800 1C. The growth mechanism of LaFeO3 floral nanostructures has been proposed
and the band gap energy was estimated to be 2.10 eV using UV-Vis diffuse reflectance spectroscopy.
The Brunauer–Emmett–Teller specific surface area was found to be 90.25 m2 g1. The visible light photo-
catalytic activities of LaFeO3 floral nanostructures exhibited higher photocatalytic efficiency compared to
the bulk LaFeO3 samples for the degradation of rhodamine B (RhB) and methylene blue (MB). The degra-
dation of MB was higher than RhB. The photocatalytic mechanism for the degradation of organic dye has
also been proposed.
1. Introduction
Over the past decade, there has beenmuch interest in the synthesis
of nanostructures with desired morphologies and functional pro-
perties. The various morphologies of nanomaterials such as nano-
cubes, nanospheres, nanorods, and nanoplates have attracted great
attention because of their technological and fundamental scientific
importance paving way for potential applications.1 However, a
general economic and scalable route to rational synthesis of
nanostructures with designed internal voids and controllable mor-
phology with a porous surface is still a challenge. In general, the
facile synthetic route to form diﬀerent nanostructures is through
self-assembly in which ordered aggregates are formed in a sponta-
neous process.2 Among the diﬀerent nanomaterials, perovskite type
(ABO3, where A = rare earth and B = transition metal) nanostruc-
tured materials find extensive applications in a variety of fields.3
Recently, the synthesis of perovskite nanostructured materials with
a high specific surface area is used in the development of photo-
catalysts, chemical sensors, biosensors, fuel cells and in the
reduction of pollutant emission from automobiles.4–8 Hence, the
shape- and size-controlled synthesis of anisotropic perovskite
LaFeO3 nanocrystals using an accomplished synthetic approach
is a demanding and important research area in materials science
and technology.
Several techniques have been involved in the growth
of LaFeO3 nanostructures like sol–gel, hydrolysis, thermal
evaporation and chemical vapor deposition.9–16 Among the
synthetic methods available a surfactant-assisted hydrothermal
route has significant advantages like low temperature growth,
cost effectiveness and a less complicated process.17–19 The
surfactant performs the role of a template to produce unique
morphology by a self-assembly process with diverse tunable
properties like surface area and crystallite size.20 An inexpensive
organic stabilizer like polyvinylpyrrolidone (PVP) is used as a
surfactant in the synthesis of LaFeO3 nanostructures which can
react at relatively low temperature. Thus, from the scientific and
technological point of view developing convenient and effective
pathways for the synthesis of surfactant assisted nanostructures
is of special significance.21,22
It has been reported by Fujishima and Honda that the photo-
catalytic reaction has the potential to eliminate pollutants.
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Subsequently, extensive research eﬀorts have been devoted
towards environment and energy challenges.23,24 In contrast,
the semiconducting materials like TiO2, ZnO and ZnS pertaining
to faster charge carrier recombination exhibits activation only
under ultraviolet irradiation due to their large band gap. There-
fore, choosing a material with appropriate band gap energy will
dramatically improve its photocatalytic activity.25 In the past
decade only few eﬀective photocatalysis method for organic dye
degradation under visible-light irradiation have been reported.26
Therefore high performance photocatalysis methods are urgently
required. To the best of our knowledge concerning organic dye
photodegradation by floral-like LaFeO3 nanostructures no report
is available in the open literature.
Herein, we report the formation of floral LaFeO3 nano-
structures comprised of nanosheets prepared by a facile surfac-
tant assisted hydrothermal method. The morphology evolution
and formation mechanism of the prepared floral structures were
investigated in detail. It is worthy to note that the prepared
LaFeO3 nanostructures exhibit higher photocatalytic activity
than the bulk form of LaFeO3 for the degradation of model
organic pollutants like rhodamine B (RhB) and methylene blue
(MB) under visible light irradiation. The photocatalytic mecha-
nism of floral LaFeO3 nanostructures towards organic dye degra-
dation has also been discussed to demonstrate their potential
environment application.
2. Experimental procedure
2.1 Material preparation
The floral-like LaFeO3 nanostructures were synthesized by
a hydrothermal process using a soft template. Lanthanum
nitrate hexahydrate La(NO3)36H2O and potassium ferric cyanide
K3[Fe(CN)6] were used as starting materials, and polyvinylpyrro-
lidone (PVP, K30) (C6H9NO)n as a soft template. All the chemical
reagents were of analytical pure grade (99.99%) and used with-
out further purification. In the experimental process, equal
molar amounts of lanthanum nitrate hexahydrate and potas-
sium ferric cyanide were dissolved in 30 ml of double distilled
water under magnetic stirring resulting in a transparent light red
coloured solution. To the starting materials PVP solution was
added. The molar amount of PVP was equal to the total molar
amount of metal nitrate in the solution (1 : 1 : 2). The precursor
solution was then transferred into a 40 ml Teflon-lined stainless
steel autoclave, sealed and maintained at 180 1C for 12 h in a hot
air oven. The autoclave was cooled down to room temperature
naturally. The obtained products were separated by centrifuga-
tion and washed with deionized water and anhydrous ethanol
several times followed by drying in air at 100 1C. Finally, the
powder was calcinated at 800 1C for 2 h to obtain LaFeO3 powder
samples.
2.2 Characterization techniques
The phase purity and the average crystallite size of the prepared
nanostructures were carried out using X-ray diﬀraction (XRD)
measurements on a Bruker D8 Advance X-ray diﬀractometer
using Cu-Ka radiation in the 2y range of 20 to 801. The FTIR
spectrum was recorded using a Thermo Nicolet 200 FTIR
spectrometer using the KBr wafer technique to confirm the
structural information. The spectrum was collected in the mid-
IR range from 4000 to 400 cm1 with a resolution of 1 cm1.
The thermal stability was determined from RT to 1000 1C
under a nitrogen atmosphere using TG/DTA, SDT Q 600 V20.
X-ray photoelectron spectroscopy (XPS) measurements were
performed using an ESCA + Omicron UK XPS system with
Mg Ka source and 1486.6 eV photon energy. All the binding
energies were referenced to the C1s peak at 284.6 eV of the
surface adventitious carbon. Scanning electron microscope
(SEM, JEOL JSM-6380LV) images were obtained to confirm
the morphology of the prepared samples and the trans-
mission electron microscope (TEM, JEM 2100 F) images were
obtained at an acceleration voltage of 200 kV by placing the
powder on a copper grid. The Brunauer–Emmett–Teller
(BET) surface area was analyzed using Micromeritics ASAP
2020 nitrogen adsorption apparatus. The samples were
degassed at 180 1C prior to the measurement. The N2 adsorp-
tion isotherm was used to determine the pore size distri-
bution by the Barrett–Joyner–Halenda (BJH) method. The
UV-Vis diffuse reflectance spectrum was recorded for the
dry-pressed disc sample using a UV-Vis spectrophotometer
(UV-2550, Shimadzu, Japan).
2.3 Photocatalytic activity
Visible light photocatalytic activities were evaluated for
rhodamine B (RhB) and methylene blue (MB) degradation in
aqueous solution under the irradiation of 150 W high pressure
mercury lamp with l 4 400 nm. A cut-oﬀ filter was used to
completely remove radiation below 400 nm to ensure irradia-
tion of the suspension by visible light. Reaction suspensions
were freshly prepared for each experiment by adding 100 mg
of the photocatalyst to 100 ml of aqueous RhB solution with
an initial concentration of 1 g L1. In the case of MB, 100 mg
of LaFeO3 nanopowder was added to 100 mL of MB aqueous
solution. The suspension was magnetically stirred in the dark
for 30 min to attain adsorption–desorption equilibrium prior
to irradiation by visible light. The photoreaction lasted for
three and two hours for RhB and MB, respectively, at ambient
temperature maintained in the reactor from which the samples
were taken out at regular intervals of 30 minutes to be analyzed
on a UV-Vis spectrometer (Lambda 35, Perkin-Elmer).
3. Results and discussion
3.1 Possible formation mechanism of floral-like LaFeO3
nanostructures composed of nanosheets
To understand the growth mechanism of floral-like LaFeO3
nanostructures, the morphology evolution was investigated
from the SEM images collected at diﬀerent growth stages
presented in Fig. 2(a–f). Based on the obtained results it is
concluded that the morphology of LaFeO3 can be controlled by
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using the surfactant and the possible formation mechanism is
represented as follows:
La(NO3)3- La
3+ + 3NO3 (1)
[Fe(CN6)]
3- Fe3+ + 3OH- Fe(OH)3 (2)
La3+ + (C6H9NO)n- [C6H6NO]
3 La3+ + 3H+ (3)
[C6H6NO]
3 La3+ + 3OH- La(OH)3 + [C6H6NO]
3 (4)
La(OH)3 + Fe(OH)3- LaFeO3 + 3H2O (5)
La(NO3)3 when dissolved in water releases La
3+ ions
(eqn (1)). [Fe(CN6)]
3 dissociates into Fe3+ ions and further
hydrolyzes to form Fe(OH)3 at hydrothermal reaction tempera-
ture as it is highly stable at room temperature (eqn (2)).27 La3+
combines easily with PVP by the chelating eﬀect owing to the
much higher stability constant than the Fe3+ complex (eqn (3)).
La3+ ions are gradually converted into La(OH)3 via the alcoho-
lysis reaction during the hydrothermal process (eqn (4)). The
simultaneously formed Fe(OH)3 reacts with La(OH)3 to form the
LaFeO3 precipitate by the condensation eﬀect (eqn (5)).
The formation process of LaFeO3 floral structure comprised
of nanosheets is illustrated in Fig. 1. The calcination tempera-
ture, reaction time and precursor concentration significantly
influence the morphology of the product which has been
discussed in the previous section. These results confirm that
the controlled size and floral-like LaFeO3 3D nanostructures
can be obtained by controlling the kinetic parameters of the
reaction process. Due to the interfacial reaction of La(NO3)3,
[Fe(CN6)]
3 and PVP precursors aggregated nanoparticles were
produced which quickly grew into small sized nanosheets
under the hydrothermal conditions (reaction time and tem-
perature). As a surfactant, the PVP polymer is easily adsorbed
onto the surface of the nanoparticles due to its large number of
carbonyl groups and amide ligands. These nanoparticles are
highly mobile at the interface and quickly aggregate into bigger
spherical aggregates to decrease the surface energy. Assembly
of the particles at the liquid–liquid interface was also driven
by a decrease in the interfacial energy, after the primary
nanoparticles spontaneously aggregated together to form big-
ger aggregates at a faster rate upon initial high supersatura-
tion.28 The particles on or near the outermost surface of the
aggregates would continue to grow as nanosheets at a slow rate
under low supersaturation conditions.
Due to the high surface energy of the smaller nanosheets
compared to the larger ones, the smaller nanosheets in the
cores can dissolve easily and diﬀuse outwards. The large nano-
sheets located on the surface would serve as initial growth sites
for the subsequent recrystallization process and continued
crystal growth. Because of the steric eﬀect of PVP molecules,
the system is supplied with forces for the growth and self-
assembly of floral-like 3D nanostructures. During the dissolu-
tion and recrystallization process, the voids in the interior of
the spherical aggregates provide the channels for mass trans-
portation. In the earlier stages of crystal growth, PVP as a
potential crystal face inhibitor may selectively be adsorbed onto
specific planes which promotes the anisotropic growth of
nanosheets.28 Due to the gradual mass diﬀusion from the inner
spherical core to the outermost surface, the nanosheets located
on the outer surface grow in length and width at the expense of
the dissolved core materials. After a prolonged reaction to 12 h,
the spherical cores are consumed completely and the typical
floral-like architectures constructed by several nanosheets
appear. In addition to the eﬀect of the reaction time on the
growth of nanostructures, the PVP concentration would change
the interfacial reaction rate by controlling the diﬀusion of
reactant ions across the interface. It can regulate the kinetics
of nucleation and further eﬃciently control the growth, mor-
phology and structure of the final products.
3.2 Morphology analysis
The morphology of prepared products with 12 h reaction time
was analysed by SEM and the images are shown in Fig. 2.
The low-magnification (5000) image (Fig. 2a) indicates that
the obtained LaFeO3 samples have a floral-like morphology. The
average diameter of the floral pattern is about 3 mm. A closer view
of individual LaFeO3 floral-like nanostructures can be observed
from the high-magnification (20000) image in Fig. 2b.
The floral-like LaFeO3 nanostructures are comprised of
numerous two-dimensional thin nanosheets with an average
thickness ofB15 nm and length ofB70–80 nm. The surface of
nanosheets forming the petals consists of networked structures
along with few agglomerated nanoparticles as in Fig. 2c. These
nanosheets emerge from the single centre thereby acquiring
the formation of a floral pattern via a self-assembly process.27
The anisotropically directed nanosheets connected to each
other through the centre are aligned perpendicular to the
spherical surface. Most importantly, the hierarchical floral-
like LaFeO3 nanostructures consisting of many intercrossed
nanosheets are sufficiently stable as they are not destroyed at
high calcination temperature of 800 1C. Furthermore, investi-
gation on the morphology of floral LaFeO3 nanostructures was
performed using the TEM image. Fig. 2d confirms that the
entire structure was built from nanosheets with an average
crystallite size of B70 nm which is also evaluated by XRD
discussed in a later section. The corresponding high resolution
TEM (HRTEM) image (Fig. 2e) taken at the edge of a single
nanosheet reveals the regular spacing (ca. 0.27) of the lattice
plane which is consistent with the spacing of the (121) crystal
plane of the orthorhombic LaFeO3 structure which explains the
Fig. 1 Schematic illustration of the formation mechanism of floral-like
LaFeO3 nanostructures comprised of nanosheets.
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broadening of the XRD peak. The diffraction rings are dis-
continuous and consist of sharp spots which indicate good
crystallinity of LaFeO3 nanosheets as observed in the selected
area electron diffraction (SAED) pattern in Fig. 2f. The major
diffraction spots correspond to (121), (220), (202) and (240) of
LaFeO3 with an orthorhombic perovskite structure. Diffraction
spots corresponding to the secondary and impurity phases
were not present.29 The morphological results obtained using
SEM and TEM images demonstrate that the floral-like LaFeO3
nanostructures are comprised of nanosheets.
3.3 Eﬀect of calcination temperature, reaction time and
surfactant concentration
The relationship between morphology, reaction time, calcina-
tion temperature and surfactant concentration of floral-like
LaFeO3 nanostructures was investigated using the SEM images.
In the present study, it was found that the reaction temperature
undoubtedly plays a vital role in the nucleation and growth of
LaFeO3 crystallites which determine the final floral morphology
of the products. Agglomerated nanoparticles were observed in
the SEM image of the as-prepared samples as shown in Fig. 3a.
When the as-prepared nanopowders were calcinated at 600 1C,
agglomerated non-uniform spherical shaped structures were
observed as in Fig. 3b. These structures were found to be
composed of initially formed agglomerated nanoparticles.
When the calcination temperature was further increased to
800 1C, a clear morphology of floral- like LaFeO3 nanostructures
composed of nanosheets as petals was observed as in Fig. 2b
which is considered for further analysis in the present study.
These results indicate the important role of calcination tem-
perature in controlling the morphology of LaFeO3 nanostruc-
tures. The SEM image presented in Fig. 3c represents the initial
growth stage of the floral structure at hydrothermal reaction
time of 3 h. In this stage, many nanoparticle aggregates were
formed and careful observation demonstrates that few small
nanosheets grow out of the surface of the spherical core. By
prolonging the reaction time to 6 h, bundles of underdeveloped
flower-like architectures constructed by many nanosheets and
nanoparticles emerged as shown in Fig. 3d. Further increasing
the reaction time to 12 h, complete removal of the spherical
core was noticed and floral-like LaFeO3 nanostructures com-
prised of nanosheets were formed as shown in Fig. 2b. There
was no significant change in the morphology of the products
with further increase in the reaction time to 15 h.
The role of PVP molar concentration in the formation of
floral LaFeO3 nanostructures was recorded. Fig. 3(e and f)
shows the SEM images of the product prepared with diﬀerent
molar amounts of La : Fe : PVA viz., (1 : 1 : 1) and (1 : 1 : 3) respec-
tively. Agglomerated nanoparticles were observed for a molar
Fig. 3 SEM images of perovskite LaFeO3 for (a) as-prepared sample (b) at
600 1C calcination (c) upon 3 h of hydrothermal reaction (d) upon 6 h of
hydrothermal reaction (e) at low PVP concentration and (f) at high PVP
concentration.
Fig. 2 SEM image (a) low-magnification (b and c) high-magnification
(d) TEM image (e) HRTEM and (f) SAED pattern of LaFeO3 floral nano-
structures obtained with 12 h of reaction time and at (1 : 1 : 2) PVP
surfactant concentration.
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concentration of (1 : 1 : 1) as shown in Fig. 3e. While for a higher
concentration of PVP (1 : 1 : 3), the yield of nanoparticles
increased and irregularly aggregated spherical floral-like struc-
tures were obtained as shown in Fig. 3f. Well arranged nano-
sheets to form floral designed nanostructures as in Fig. 2b were
obtained when the La : Fe : PVP molar concentration was (1 : 1 : 2)
which indicates an appropriate concentration of PVP is a crucial
prerequisite for the formation of ideal floral morphology under
selected reaction conditions. These results emphasise the fact that
surfactant assisted reaction is a simple and eﬀective way to control
the nucleation and growth processes.30 The above mentioned
floral-like morphology evolution process indicates that a suitable
reaction temperature and surfactant concentration can eﬀectively
control the production rate of LaFeO3 atoms and thus kinetically
control the aggregation and growth of LaFeO3 crystallites. There-
fore, the single phase floral-like LaFeO3 perovskite nanostructures
formed at a La : Fe : PVP molar concentration (1 : 1 : 2) with 12 h
reaction time and 800 1C calcination temperature was used for
further characterization in the present study.
3.4 Structural analysis
Crystal structure and phase composition of LaFeO3 floral
structures were determined from the powder X-ray diﬀraction
(XRD) patterns of the as-prepared sample and those calcinated
at diﬀerent temperatures shown in Fig. 4a. The as-prepared
sample is characterized by a broad continuum peak exhibiting
the amorphous nature and hence the samples were calcinated
to attain the crystalline nature. The transformation from an
amorphous to a crystalline phase of LaFeO3 can be observed at
600 and 650 1C, but the XRD pattern exhibits the presence of
only a few characteristic peaks of LaFeO3 with minimum
intensity. When the calcination temperature was increased to
700 and 750 1C, LaFeO3 crystallization can be observed with low
intensity peaks. A well crystalline perovskite type LaFeO3 with
an orthorhombic structure was obtained by increasing the
calcination temperature to 800 1C.25 The sharp and narrow
diﬀraction peaks obtained at 800 1C indicate relatively high
crystalline quality than the samples calcinated at lower tem-
perature. The lattice constants estimated from the XRD pattern
were found to be a = 5.532, b = 7.820 and c = 5.555 Å, which are
in accordance with the bulk LaFeO3 crystals (JCPDS 37-1493).
31
High crystalline quality of the samples was confirmed from the
strong and sharp diﬀraction peaks. However, peaks corres-
ponding to La2O3, Fe2O3 or other crystalline impurities were
not detected confirming that the products are single phase
LaFeO3. The average crystallite size was calculated using Scherrer’s
formula29 and was found to beB70 nm for the floral-like LaFeO3
nanostructures comprised of nanosheets. The XRD density of
the prepared LaFeO3 samples was estimated to beB6.82 g cm
3.
The HRTEM image of nanosheets discussed in the morphology
analysis section shows clear lattice fringes along the growth
direction (Fig. 2e). The ‘d’ spacing of the lattice fringes was 2.77 Å
indexed to the (121) plane of the orthorhombic LaFeO3 structure.
The single phase LaFeO3 perovskite structure with high crystal-
line quality formed at 800 1C was used for further analysis in the
present study.
Further, the FT-IR spectrum of floral-like LaFeO3 nanostruc-
tures formed at 12 h is shown in Fig. 4b. The FTIR spectrum is
used to identify the materials present in the sample and hence
the purity of the prepared sample. The absorption peak at
3402 cm1 is assigned to a combination of H–O bending mode
of absorbed water and the hydroxyl group. The band at
2905 cm1 is due to adsorbed atmospheric CO2 resulting from
the preparation and processing of the FTIR sample in an
ambient atmosphere. The bands at 2357 and 1664 cm1 are
attributed to the symmetric and asymmetric stretching of the
carboxyl root, respectively. The less intense band recorded at
1018 cm1 correspond to the principal vibration of the CO3
2
group indicating that La-carbonate species exist on the surface
of the perovskite LaFeO3 compound which was not detectable
in the XRD. The intense band developed at 554 cm1 is due to
the contribution of Fe–O stretching vibrations formed by the
octahedral FeO6 group in LaFeO3.
32 The characteristic peak of
the surface adsorbed oxygen species was not observed.
Fig. 4 (a) X-ray diﬀraction pattern at diﬀerent calcination temperatures and (b) the FT-IR spectrum of floral-like LaFeO3 nanostructures comprised of
nanosheets calcinated at 800 1C.
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3.5 Thermal analysis
The thermal decomposition process of LaFeO3 floral structures
comprised of nanosheets was performed at a heating and
cooling rate of 20 1C min1 and is shown in Fig. 5. In the
TGA curve, a weight loss of 1.9% occurring at 50–310 1C can be
attributed to desorption of adsorbed water and decomposition
of untreated additives33 which is also evident from the exo-
thermic peak at 320 1C in the DTA curve. The decomposition of
nitrates occurs in the range 320–390 1C with a weight loss of
4.2%. The corresponding broad exothermic peak in the DTA
curve at 385 1C also emphasizes the same.9 Decomposition of
oxycarbonates was complete in the temperature range 435–640 1C
with aminor weight loss of 1.8%. The low intense exothermic peak
observed at 560 1C is possibly attributed to the gradual crystal-
lization of LaFeO3. Finally, the thermal analysis observations are
comparable to the results obtained from the XRD pattern of as-
prepared and calcinated samples which confirm the transforma-
tion of amorphous to crystalline phase of the LaFeO3 product.
3.6 Compositional analysis
The elemental composition and chemical states of floral-like LaFeO3
nanostructures comprised of nanosheets were studied using X-ray
photoelectron spectroscopy (XPS). The binding energies obtained
were corrected for specimen charging using C1s as the reference at
284.6 eV. The typical XPS survey spectrum obtained for the LaFeO3
floral structure shown in Fig. 6a reveals the presence of La(3d),
Fe(2p), O(1s) and C(1s). The carbon peak can be attributed to the
adventitious carbon on the surface of the sample. The La3d and
Fe2p core-level spectra reveal that the lanthanum and iron atoms
are in the usual chemical valence state of +3.34 The high resolution
spectrum in Fig. 6b shows two strong La peaks at 833.62 and
850.59 eV corresponding to spin–orbit splitting of 3d5/2 and 3d3/2 of
La3+ ions in the oxide form. The binding energies of Fe 2p3/2 and
Fe 2p1/2 were observed at 709.81 and 723.53 eV as shown in Fig. 6c
which correspond to Fe3+ ions in the core splitting oxide form.35
The results support the fact that the prepared floral structure
exists in the stoichiometric LaFeO3 form.
The two O1s peaks presented in Fig. 6d are wide and
asymmetric demonstrating that there are two kinds of O
chemical states with the binding energy at 528.36 eV ascribed
to the lattice oxygen species (OL) and at 530.54 eV assigned to
chemisorbed oxygen species because the O(1s) binding energy
of the O or OH ion is generally higher by 2.1–2.5 eV than that
of lattice oxygen.36 The binding energy of the OL XPS signal can
be attributed to the contribution of La–O and Fe–O in the
LaFeO3 crystal lattice. The OH XPS signal observed for the
floral-like LaFeO3 nanostructures is attributed to the adsorbed
water species.37 Because lanthanum oxide is easily hygroscopic,
the higher O(1s) binding energy (530.54 eV) is associated with
the water molecule on the surface of the sample. From the
relative intensities of the XPS spectra, the atomic ratio between
La, Fe and O was found to be about 1 : 1 : 3. This kind of metal–
support interaction has been taken as an important factor in
the photocatalytic activities.
3.7 Optical and specific surface area analysis
The energy band features and surface area of perovskite floral-
like LaFeO3 nanostructures are considered to be the key factors
in determining their photocatalytic activity. Fig. 7a presents the
UV-Vis diﬀuse reflectance (UV-DRS) spectrum of LaFeO3 floral
nanostructures comprised of nanosheets. The diﬀuse reflec-
tance spectrum allows us to calculate the optical band gap
based on the absorption edge observed at 590 nm and was
found to be 2.10 eV using the formula Eg = 1240/lg.
38 The strong
absorption edge at 590 nm is attributed to the electronic
transition from the valence band to the conduction band, O
2p - Fe 3d. The above results indicate that floral-like LaFeO3
nanostructures comprised of nanosheets prepared by a hydro-
thermal method could serve as a potential visible-light-driven
photocatalytic material for the degradation of organic pollutants.
The surface area and porous nature of floral-like LaFeO3
nanostructures comprised of nanosheets were investigated
based on the nitrogen adsorption–desorption isotherm using
BET and BJH methods. As shown in Fig. 7b floral-like LaFeO3
structures exhibit a type-IV isotherm with a hysteresis loop in
the high-pressure range (0.8 o P/P0 o 1) and the value of the
BET specific surface area was found to be 90.25 m2 g1 which is
higher than the reported value.39 The pores can be ascribed to
the inter-particle space. Due to the large surface area, the floral-
like LaFeO3 nanostructures comprised of nanosheets would
possess a fascinating adsorbing ability for analytes in the
photocatalytic performance. The BJH method was used to
determine the pore size of LaFeO3 nanostructures from the
N2 adsorption spectrum. The pore size distribution curve (inset
of Fig. 7b) shows the presence of a peak between 1 and 10 nm
which correspond to the voids formed on the nanosheets of
floral-like LaFeO3 nanostructures having a mesoporous nature
with a volume of 0.102 cm3 g1. The presence of mesopores can
be ascribed to the removal of organic species during calcina-
tion. This suggests that the prepared 3D nanostructures could
show high photocatalytic performance as the properties are
closely related to the morphology, band gap energy and specific
surface area.
Fig. 5 Thermal analysis of floral-like LaFeO3 nanostructures prepared
with 12 h of reaction time.
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3.8 Visible light photocatalytic performance of floral-like
LaFeO3 nanostructures comprised of nanoplates
The photocatalytic activities of perovskite LaFeO3 floral struc-
tures comprised of nanosheets were performed for the
degradation of organic dyes rhodamine B (RhB) and methylene
blue (MB) in aqueous solution under visible light irradiation.
The RhB and MB are resistant to biodegradation and direct
photolysis.40 The photocatalytic activity depends on the crystal-
linity, surface area, band gap energy and morphology of the
Fig. 6 (a) XPS survey spectrum (b) La3d, (c) Fe2p and (d) O1s of floral-like LaFeO3 nanostructures comprised of nanosheets for the 12 h reacted sample.
Fig. 7 (a) UV-Vis DRS spectrum and (b) nitrogen adsorption–desorption isotherms and the pore size distribution curve (inset) of floral-like LaFeO3
nanostructures comprised of nanosheets reacted for 12 h.
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nanostructured materials. The sequential absorption spectrum
of RhB aqueous solution under visible light illumination in the
presence of LaFeO3 floral structures for diﬀerent irradiation
times starting from 0 to 180 min is shown in Fig. 8a. The RhB
dye shows strong characteristic absorption at 554 nm and the
absorption maxima steadily decreases as the exposure time of
visible light increases to 180 min indicating the process of
photodecomposition of the reactive dye. The intense pink
colour of the initial solution disappears gradually and becomes
almost colourless as the irradiation time increased indicating
the destruction of organic dye under visible light irradiation.
Fig. 8c shows the absorption spectrum of MB with a strong
characteristic absorption peak at 664 nm. The absorption
maximum steadily decreases as the exposure time of visible
light increased to 120 min indicating the process of photo-
decomposition of the reactive dye. Complete degradation of
MB was witnessed at 120 min whereas for RhB dye a longer
duration of 180 min was required. The intense colour of MB
solution faded as the irradiation time reached 120 min. The
visible light irradiation can excite the LaFeO3 particles and
result in the eﬃcient separation of electron–hole pair which
contributes to the oxidation decomposition of organic com-
pounds. The photocatalytic activities of 3D LaFeO3 floral-like
nanostructures differ with respect to the dye used which may be
due to the kinetic differences in the photocatalytic degradation
reaction between RhB and MB.
The floral LaFeO3 nanostructures comprised of nanosheets
are eﬀective catalysts for RhB and MB degradation as the
eﬃciency was calculated and found to be 90.66 and 92.85%,
respectively, using the formula [(C0  C)/C0]  100, where C0 is
the initial concentration and C is the concentration of the dye
at time t.20 These results were found to be relatively higher
compared to the reported value of LaFeO3 microflowers.
39 The
possible reason for the improved photocatalytic activity of the
perovskite LaFeO3 floral structure composed of nanosheet
petals is that the vacancy of metal cations and O2 anions in
the perovskite structure results in the remarkable increase of
oxygen adsorbed onto the surface.41 The perovskite compounds
which possess larger lattice distortion have higher photo-
catalytic activities by virtue of increasing the additional routes
of trapping holes and decreasing the recombination rate of
electron–hole pairs. Further, the photocatalytic activities of bulk
LaFeO3 and without catalysts were also tested. It was noticed that
without any photocatalyst (blank) the degradation of RhB and
MB were extremely slow with only 2.0%. The bulk LaFeO3 shows
lower photocatalytic degradation of 7.4%. The bulk LaFeO3 has a
Fig. 8 (a and c) UV-Vis time dependent absorption spectrum during photocatalytic reaction of RhB and MB, (b and d) degradation of RhB and MB
as a function of irradiation time in the presence of floral-like LaFeO3 nanostructures reacted for 12 h.
Paper NJC
Pu
bl
ish
ed
 o
n 
29
 A
ug
us
t 2
01
4.
 D
ow
nl
oa
de
d 
by
 U
N
IV
ER
SI
D
A
D
 S
A
O
 P
A
U
LO
 o
n 
05
/1
2/
20
14
 2
2:
35
:1
4.
 
View Article Online
5488 | New J. Chem., 2014, 38, 5480--5490 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2014
low surface area of 8 m2 g1 with no specific morphology when
compared to the floral LaFeO3 nanostructures having a surface
area of 90.25 m2 g1.42
The C/C0 and irradiation time plot was evaluated and is
shown in Fig. 8b and d. The apparent rate constant34 for floral
LaFeO3 nanostructures used as a photocatalyst was estimated
to be 0.9452 (RhB) and 0.9013 (MB), respectively. These results
suggest that MB dye has high photocatalytic degradation com-
pared to RhB by using LaFeO3 floral nanostructures comprised
of nanosheet petals as the catalyst. From the degradation
studies, it was observed that the visible light photocatalytic
performance varies in the following order, without catalyst o
bulk LaFeO3o floral-like LaFeO3 nanostructures comprised of
nanosheets. It has been reported that higher crystallization can
usually lead to enhanced photocatalytic activity by suppressing
the recombination of photogenerated holes and electrons. The
relatively high photocatalytic activity of LaFeO3 floral structures
can be closely associated with the small crystalline size of
B70 nm, high surface area of 90.25 m2 g1 and low band gap
energy of 2.10 eV. It is noteworthy to mention that the LaFeO3
floral nanostructures comprised of nanosheets prepared by a
facile hydrothermal method exhibits good performance towards
degradation of organic dyes RhB and MB when compared to the
literature value.35 The floral-like LaFeO3 nanostructures com-
prised of nanosheets exhibit high photocatalytic performance as
the properties are closely related to the morphology, surface
area, band gap energy and pore size distribution.
The stability of LaFeO3 floral structures comprised of
nanosheets was also investigated. Even after four successive
recycles of photodegradation of RhB and MB the catalyst did
not exhibit any significant loss of activity as shown in Fig. 9a
and b, confirming that floral-like LaFeO3 nanostructures com-
prised of nanosheets are not photocorroded during the photo-
catalytic oxidation of the organic dye molecules. Furthermore,
to estimate the rate of the reaction in the photodegradation
experiment, the following equation was used; ln(C0/C) = kt,
where C0 and C corresponds to the absorption measured at
diﬀerent illumination times, ‘k’ is the rate of the reaction and ‘t’
is the reaction time. The rate of the reaction ‘k’ was calculated
for RhB and MB photodecomposition experiments by drawing a
graph between ln(C0/C) and time. Fig. 9c and d show the
relationship between ln(C0/C) and time. The rate of reaction
‘k’ was obtained from the slope of these graphs and the values
are found to be 0.01237 and 0.01625 min1, respectively, which
Fig. 9 (a and b) Recycled photocatalytic degradation of RhB and MB (c and d) Relationship between ln(C0/C) and time during the decomposition of RhB
and MB as a function of irradiation time in the presence of floral-like LaFeO3 nanostructures.
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correspond to photodecomposition reaction of floral-like
LaFeO3 nanostructures comprised of nanosheets for RhB and
MB. Comparatively, a high photodecomposition rate was noted
for MB degradation.
The reaction mechanism involved during the photocatalytic
activities are schematically demonstrated in Fig. 10. During the
degradation process, when the catalyst is irradiated with visible
light having energy greater than the threshold, the photo-
generated electrons are transferred to the conduction band
(CB) from the valence band (VB) leaving the positive holes in
the VB. The photoinduced holes in the VB directly oxidizes the
pollutants or they are trapped by surface hydroxyl groups at
the catalyst surface to yield hydroxyl radicals (OH).41 These
radicals are responsible for the decomposition of the dye into
non-toxic products. The conduction band electrons react with
dissolved oxygen molecules yielding superoxide anion radicals
(O2
), which generate the hydroperoxy radicals (HO2) upon
protonation.42 The large surface area and band gap energy of
floral-like LaFeO3 nanostructures are useful to generate higher
electron (e) and hole (h+) pairs. This will prevent the recombi-
nation of the e and h+ leading to radiationless recombination
of the e and h+ pairs within the perovskite material which
will greatly enhance the photocatalytic activity. The position of
the conduction band and valence band was calculated using
the formula ECB = X  EC  0.5Eg and the value was found to be
0.52 eV and 2.12 eV, respectively.43 Therefore, the floral-like
LaFeO3 nanostructures comprised of nanosheets exhibit higher
photocatalytic activity under visible light irradiation.
4. Conclusions
In summary, a cost eﬀective facile hydrothermal method to prepare
unique floral-like LaFeO3 nanostructures comprised of nanosheets
which act as a visible light driven photocatalytic material has been
presented. The eﬀect of the reaction time, calcination temperature
and molar concentration was investigated, indicating the role
of these parameters to achieve controlled morphology.
The morphology, particle size (B70 nm), low band gap energy
(B2.10 eV) and larger surface area (90.25 m2 g1) of the floral-
like LaFeO3 nanostructures influence the photocatalytic mecha-
nism to exhibit excellent visible light irradiated photocatalytic
eﬃciency of 90.66 and 92.85% for RhB and MB, respectively,
compared with the bulk LaFeO3 sample along with long
durability. The photocatalytic ability of floral-like LaFeO3
nanostructures was high towards MB when compared with
RhB. The possible photocatalyst mechanism reveals that O2

and H+ are the main reactive species and free OH radicals in
the solution also contribute to the degradation reaction. It is
believed from the present work that the LaFeO3 floral structures
comprised of nanosheets are an economically viable perovskite
oxide and a promising candidate with great potential for
environment remediation application.
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